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.ABSTRACT 
The data collected in an attempt to evaluate the pressure depen-
dency of the mechanical properties of extruded AZ3lB-F magnesium alloy 
are presented herein. This information was compiled :from :the results 
o:f compression tests run in hydraulic :fluid environments pressurized 
ii 
to 50,000 psi, and tension tests run in the atmosphere. Specimen axial 
load and longitudinal strain were recorded and converted to effective 
stress and effective strain parameters :for presentation. 
The term pressure is defined, in this report, as the negative 
average of the principal stresses or, essentially, the negative of 
the hydrostatic component of stress. The effective stress and strain, 
at yield and :fracture, which were achieved at various hydrostatic 
stress levels are plotted against the hydrostatic stress levels at 
which they occurred. It has been shown that the strength and ductility 
of this extruded alloy, measured at :fracture, are increased by an 
increase in the hydrostatic stress component that exists at the time 
of :fracture. In addition, the effective stress, at yield, is increased 
and the effective strain is decreased by an increase in the current 
pressure. An exception to the above seems to be the effective stress 
achieved at yield in uniaxial tension which is substantially greater 
than the highest effective yield stress obtained in compression at 
any fluid environment pressure. This anomaly is due to the fact that 
the specimen material was cold :formed. 
Tt1e aforementioned graphs are combined to :form a three dimensional 
iii 
yield and fracture model based on the parameters of effective stress, 
effective strain and pressure. This model shows the pressure dependent 
properties of the particular magnesium alloy 1.U1der investigation. It 
is, however, incomplete since bi-axial tension tests run at various 
fluid pressure environments are needed to better define the tensile 
pressure region of the model, and compression tests conducted in 
higher fluid pressure environments are needed to determine the 
pressures required to obtain infinite ductility. 
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SCOPE 
It is the purpose of this thesis to: 
(1) Investigate the effects of pressure on the mechanical 
properties of extruded AZ31B-F magnesium alloy. 
(2) Illustrate the results in a yield and fracture model 
utilizjng the parameters of effective stress ( a), 
effective strain (e), and pressure (P). 
vii 
I. INTRODUCTION 
Most yield and fracture theories whtch enjoy widespread use in 
the engi...'1.eering disciplines completely neglect the effect of' the 
hydrostatic component of stress in specifying yield and fracture 
conditions. :Besides the intuitive deduction that a material cannot 
sustafu ::Lnf'inite hydrostatic tension, data is becoming available in 
quantities sufficient to point out possible inadequacies in these 
existing yield and fracture models. Essentially, what has been 
shown so .fc:-Jr is that some materials yield at eff'ective stress and 
effective strain levels that vary as same function of the spherical 
or hydrostatic component of stress that exists at yield. Similar 
observations r.;ave been made at fracture . In some materials, the 
effective stress and effective strain at fractt~e have been shown 
to increase with the bydrostatic stress component, thus indicating an 
increase in strength and ductility under such conditions. Pressure, 
a term which will be used herei.'1. to mean the negative hydrostatic 
co'!T.ponent of stress, can also cause changes in the fracture mode in 
many materials. 'Ihe general trend is that ductile f'ailure occurs in 
compressive pressure environments and brittle f'ailure in tensile 
pressur€ environments. 
Not all materials show such a pressure depe~dency and, as a 
consequence, the task of' formulating a yield and fracture criterion 
that will account f'or pressure effects and apply to large groups of 
materials will be exceedingly complex. Such a yield and fracture 
criterion will: no doubt, involve the use of parameters that are 
1 
2 
commonly associated with the microscopic aspects of materials science. 
However, as an expedient, it should be possible to formulate a yield 
and :fracture model for groups of materials that behave similarly under 
pressure without recourse to such aforementioned parameters. These 
models are vital to the design of structural elements that must adhere 
to certain weight and size opt:imizatiol"l: guidelines. In these cases, 
• 
large factors of safety are not appropriate, and the result may be the 
failure of' the element if' variation in materj_al properties with pressure 
is neglected. 
Essential to the existence of accurate yield and fracture 
theories is the availability of' data accumulated from various 
comb.ined loading experiments. This thesis embodies the results of 
an attempt to evaluate the pressure dependency of the mechanical 
properties of' a particular magnesium alloy. To partially accomplish 
this objective, compression tests were run on 3 inch long, one inch 
diameter, cylindrical test specimens made f'rom extruded AZ31B-F 
magnesium alloy while the specimens were submerged in a pressurized 
f'lu.id environment. Tne resulting data, in addition to data f'rom 
tension tests run in the atmosphere, were used to generate a pressure 
dependent yield and f'racture model. 
II. REVIE!Il OF LITERATURE 
An extensive literature survey conducted in the Library of 
Congress by the author has shown that few people have investigated 
the e.ff'ects of pressure on the mechanical properties of any material. 
Such v-.rork, as limited as it is, was largely initiated by Dr. P. W. 
Bridgman over forty years ago, and it . was Bridgman who carried this 
.field into the 1950's. 
F.,arly work by Cook1 , although crude, served to shmv that springs 
made of' mild steel and electrolytic copper became more ductile in a 
high pressure fluid environment. Bridgman2 reported on all tensile 
and compressive tests run in pr;essurized fluid environments by anyone 
prior to 1950 and commented that almost no work had been done in the 
area to that date. In this collection o.f data, no work on poly-
crystalline aggregates o.f ~esium or its alloys was described. 
Bridgman3 investigated the compressibility of a single crystal of' 
pure magnesium and reported that no discontinuities were observed in 
the compressibility curve. :Breyond this, nothing has been done with 
magnesium or its alloys in the area that this thesis treats. This is 
born out by the recent bibliographical works of Zeitlin 4 ~ Bundy et a15, 
Bradley6 ;) Giru.""'<lini and Lloyd7, and the International Conference on the 
Physics of Solids at High Pressures 8 • 
Although interest in high pressure phenomena is increasing, a 
. great deal of the recent work deals wlth microscopic effects rather 
than e.ffects on a continuum. 'Ihe only recent, noteworthy work 
dealing with the effects of pressure on a continuum was accomplished 
by Hu.9. In tms paper, Hu documents the results o:f experiments, 
3 
similar to those described herein, which were performed on a particular 
type of brass. It is this repart by Hu that: gives· substantial impetUs 
to \-l.hat has been suspected for some time concern:ipg the' dependence 
of ductility and other mechanical properties· on pressure.· 
In short, there is no detailed information available on the 
effects of pressure on the meChanical properties of magnesium alloys. 
However, the works of Bridgman and Hu provide f~agmentary data for · 
some Jil.a.terials that show pressure to be factor in determin:ipg 
:rr.aterial properties. Thi3 alone, demands the investigation of these 
effects on all ~ngineering materials. 
III. INSTRUMENTATION 
'lbe most ·difficult instrumentation problem encmmtered in this 
research program was that oi' measuring relatively large strains in a 
specimen surrounded by h:igh fluid pressure. Althoug..~ the magnesium 
alloy from which the specimens were made was ver.y brittle, longitudinal 
stra:ins at fracture of' 15 per-cent were anticipated. Under these 
circumstances, it was necessary to use post yield strain gauges with 
an appropriate high elongation cement. · No data is available :from the 
gauge manufacturers on the use of' high elo.ngation strain gauges in 
pressurized hydraulic fluid environments; but, the recommendations of' 
10 Tien and Gordon led to the selection of' a constantan foil, epoxy 
backed, encapsulated, gauge with a one-fourth inch grid length 
(Budd EHE-141). lllese gauges are reported to have ge3:uge factors 
which are unaf'f'ected by fluid environments up to approximately 
60,000 psi. 
A two component epoxy bonding .agent was used to mount the 
strain ~uges on the specimens. · 'Ibis cement (Budd GA-2) ·can sustain 
strains of' over 15 per-cent and had been tested by the manu:f'acturers11 
in f'lu:i.d envirornnents pressurized to levels beyond those encountered 
in these tests. The ge3:uge in~tallations were coated with 12 layers 
of' nitrile rubber oil-proofing compound (Budd GW-2) . Removal of' this 
oil-proofing from th~ g~uges on selected fractured speclffiens showed 
the compound to have excellent oil protection qualities. 
A Budd P-350 strain indicator was used to read strains. 'Althougtt' 
a dlurrr~ specimen was used for temperature compensation, this v.Jas 
largely unnecessary since all equipment was soaked at room temperature 
5 
for an extended period of tlffie before each test, and variations in 
room temperature were less than 5 degrees Fahrenheit during each 
test. Also, the energy input into the hydraulic fluid during 
pressurization could result in a fluid terrlf)erature rise of only one 
degree Fahrenheit. Prior to each test, the fluid environment was 
pressure cycled several times to check for large zero shifts in 
indicated strain on return to ambient pressure. In the worst case, 
a 10 microLnch/inch shift was experienced on the first cycling and, 
on successive cycles, the zero shifts were substantially less than 
this value. 
The measurement of the axial stress superposed on the specimen 
by the ram was facilitated by the fact that the specirrien did not 
undergo any large local chal1ges :i.p cross-sectional area or geometry 
during the test. Consequently, the axial stress due to the ram load 
was taken to be the load on the specimen divided b;y the current area. 
The load on the specimen is the total ram load minus the seal-friction 
drag and the pressure force due to the pressurized fluid. The com-
bjned ~ag force and pressure force was dete1~ed for each test run 
by adjusting the loading head speed to match the nominal speed used 
during the test, and then noting the force required to move the ram 
into the vessel. This force was monitored prior to each test at a 
time when the loading head was not yet in contact with the specimen. 
The fluid pressure in the test vessel was measured with a 
6 
helical Bourdon tube pressure gauge (Astraguage W-100-F) • This gauge 
was calibrated by the manufacturers before shipment and was reported to 
7 
be wit:;rri~1. 0. 25 per-cent of the indicated pressure. No further calibration 
was attempted. 
IV. DESCRIPTION OF APPARATUS 
As mentioned previously, the specimens used for the compression 
tests \<~Jere 3 :inches long and · one inch in diameter. 'Ibis length/ 
diameter ratio was selected in accordance with the AS'IM specifications 
for compression tests of metals. The compression specimens were 
positioned within a thick-walled cylindrical pressure vessel, and an 
axial load was applied to the specimen via a ram which protruded 
from one of the vessel end-plugs. Since the ram diameter was smaller 
than that of the specimen, an adapter was fitted to the end of the 
8 
ram to distribute the ram load evenly over the top surface of the 
specimen. Positioning of the specimen within the vessel was accomplish-
ed by using a one-eighth inch thick nylon washer with flexible internal 
splines as shown in Figure (1). This washer insured concentricity of 
the speci.."'len and loading ram, while not generating any appreciable 
radial restraining forces. The vessel was placed vertically in a 
'I'inius-Olsen tJrP_ versal 200, 000 pound testing machine. Fluid pressure 
was developed by a hand-operated pump (AMINCO 46-12180). A picture 
of a simulated hardware set-up is s~ovm in Figure (2). 
The vessel closures were threaded cylindrical plugs, and are 
shmm with the interr..al vessel hardware in Figure ( 3) • The lower 
end-pl~ was drilled and counterbored to accomodate two electrical 
leads for the strain gauges used on the specimen. The details of 
this installation are shown in Figure ( 4) . Only rigid resin materials 
are suitable for the cone shaped insulator for the copper connectors. 
Soft insulators tend to extrude out of the annular space between the 
9 
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connector and the bored hole. In addition the lower end-pl:ug contained 
a concentric hole and adapter to accomodate the one-fourth inch stand-
ard high pressure tubing from the hydraulic pump. 
The upper end-plug containing the ram and seal subassembly is 
shown in Figure (5). 'lhe seal wafer with int.egral 0-ring seats is 
illustrated in figure ( 6) . The seal wafer is made of DELRIN AF which 
is an acetate-:filled :flourocarbon resin. Use of' this material 
resulted in extremely low seal friction ~ag forces on the moving ram 
and excellent anti-extrusion qualities. The clearance between th~ 
ram and the end-pl:ug body was held to 0.0015-inch on the radius to 
minimize the tendency f'or the seal to extrude out through the armular 
region betw~en the ram and the end-plug. This shallow clearance 
allowed a ram load of' not more than · 95,000 pounds. · Eeyond this, there 
would occur interference because o:f the Poisson e:ffect. In order to 
obtain the greatest elastic strength possible in the ram, a ~aging 
steel (Carpenter Ni MARK 300) with a yield strength in ex~ess of 
300,000 psi was selected. 'Ihe ram was polished to a surface :finish 
of 64 microinches root-mean-square to · achieve a satisfactory sealing 
surface. 
At · l ow pressures , t he 0- r ings seal the f l uid and the DELRJN AF 
wa.fer acts as an anti -extrusion carrier; and, at higher pressures, 
t he DEI.RIN AF wafer itself deforms into a seal. The fit between the 
waf e r and t he ram is 0.002- inch on the r adius; and, as a consequence, 
. no ext r usion problems were encountered with the use of 0-rings. Nitrile 
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the pressurizing medium (MIL-6083B hydraulic fluid). 
Two different types of seals were used to seal the end-plug 
against the mating vessel surface. The lower end-plug was sealed 
with an ordinary nitrile rubber 0-ring supported by a brass anti-
extrusion back-up ring. This seal arrangement is illustrated in 
Figure ( 7) • The top end-p~ug was sealed with a silver plated 
Inconel-X C-ring (Pressure Science Inc. 10111-32) as shown in 
Figure (8). The seal seat surfaces for these C-rings must have at 
least a 64 micro inch root-mean-square surface finish. All seals 
used performed flawlessly to pressures of 50~000 psi. 
---· --.- -- .. - . 
16 
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The ram load and lo~itudinal strain values for the six compression 
tests, and the axial specimen load and the longitudinal strain values· 
for the tension test are tabulated in Appendix A. Although it was not 
possible to maintain a constant strain rate throughout each test, the 
strain rate varied within the range from 3 to 20 microinches/inch-
second which is sufficiently slow to e·liminate strain rate effects. 
The result~ data are presented in terms of effective stress versus 
pressure plots, effective strain versus pressure plots, and a three 
dimensional yield and fracture model involving effective stress, effect-
i ve strain, and pressure. 
Effective stress and effective strain, which represent stress 
and strain vectors in a deviatoric plane, have been chosen as display 
parameters because all principal stresses and strains are manifest, 
respectively, in these quantities. The effective stress is defined as 
2 2 2 .5 -
o = {(o 1 _o 2 ) +(0 2 -o3) +(03-0l) } j/2 
where oi,o2 , and o3 are the three principal stresses. Similarly, 
effective strain is defined as 
( 1) 
where e:1 , e:2 , and e:3 are the principal strains. For the case considered 
here, the effective stress is simply equal to the longitudinal stress 
generated by the ram, since the superposed fluid pressure does not 
affect the principal stress differences. Also, the effective strain 
20 
definition reduces to 
where e: 1 is the longitudinal strain and v is Poisson's ratio. As 
long as the specimen remains elastic_, e: = . 9 e: 1 ; since, Poisson's 
ratio is 0. 35 in the elastic region f'or this material. 'When Poisson's 
ratio begins the transition to 0.50_, its plastic value, expression (2) 
must be used in incremental :form. 
As the specimen was strained into the plastic region, an increment 
of' effective strain was computed using the current average value :for 
Poisson's ratio_, and this increment was then added to the total 
ef':fective strain up to that point. The assumed Poisson's ratio 
versus l~ngitudinal st.rain curve appears in Figure (9). This curve 
was abstracted f'rorn Nadai 12 . The current average Poisson's ratio 
value was computed by approximating this curve in a piecewise linear 
:fashion over the longitudinal strain increment under consideration. 
Beyond 15,000 microinches/inch o:f longitudinal strain, the value at 
which the ef':fective strain becomes equivalent to the longitudinal 
strain_, the Poisson's ratio value was taken to be 0.50. 
Finally_, the t e rm pres sure represents, essent ially, the neg a tive 
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Figure (10), a plot o:r effective stress versus pressure, measured 
at yield, shows a sl:l.ght enhancement o:r yield strength in compression 
as the pressure increases. However, the eff'ecti ve stress at yield in 
uniaxial tension (28,400 psi.) is considerably greater than the yield 
strengths achieved in compression, yet the pressure has been reduced 
to a l'l:egative value. This phenomenon .is most unusual in a material· 
and, in this case, results .from the anisotropic properties. generated 
by the extrusion process used to fo:rm the spec:irrien bar stock. 
This is not a property of cast magnesium. For the above mentioned 
data points, yield was dete:mdned :from a conventional plot of 
lo:ngitudinal stress versus longitudinal strain by using the 0. 2 
per-cent of'f-set method. 
Figure (ll), a plot o.f eff"ective ·strain versus pressure at yield, 
shows a decrease in e:ffecti ve strain as the pressure increases. Once 
again, the effective strain at yield in uniaxial tension (6300 
. .. 
microinches/inch) is substantially greater than those experienced 
during the con:pression tests. This is not as incongruous as the 
previously mentioned observations concerning ef":fective stress at 
yield, since the ef:fective strain shows a tendency to decrease, 
rather than :increase, as the pressure :increases. However, the entire 
effect· o.f decreasing effective strain with increasing pressure is, 
in itself, peculiar. Few, if any materials exhibit such tendencies. 
Since the slope of this curve is shallow, the possibility is strong 
that the increase in eff'ective strain at yield achieved in the uniaxial 
-tension test is not really a function of decreasing pressure at all; 
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~igures (12) and (13) describe~ res:pectivel:y~ effective stress 
versus pressure and effective strain versus pressure at fracture. 
These plots are conventional in that this material appears to behave 
in a manner similar to a large_ group . of engineering materials (for 
example, carbon steels). They show an increase in ductility and 
effective stress at fracture as the pressure is increased. The 
segments of these curves which appear in the compressive pressure 
region represent a line of work hardening shear fracture. It is 
common to discontinue this line at the effective stress or effective 
strain axis, and then continue into the tensile pressure region at a 
steeper slope. This steeper line is a line which represents work 
hardening tensile fracture points. The rationale for this is that 
the fracture mode should cha?ge from work hardening shear to work 
hardening tensile as the pressure is decreased into the tensile 
region. VJhile one carmot deny that some materials behave in this 
manner, the author feels that the data available is not sufficient 
to warrant the extension of this hypothesis to all materials. As a 
result, the work hardening shear fracture lines have be€m extended 
linearly, into the region of tensile pressure to show another 
possibility. 
More work is needed to define this transition point. A series 
of uniaxial tension tests in varying fluid ·pressure would suffice. 
Such tests would represent a loading path of slope -3 emanating from 
the point on the pressure axis corre sponding to t he f l uid pressure. 
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task of achieving data points on the work hardening tensile fracture 
line lower than that given by a uniaxial tension test run in the 
atmosphere. The shallowest negative slope on an effective stress 
versus pressure plot that can readily be obtained is -3/2. This can 
be accomplished in a bi-axial tension test. For bi~axial tension when 
both tensile stresses are of equal magnitude, cr , 
2 2 2 .• s cr = . { (cr-cr) +(cr-0) +(0-o) } . 1/2 (5) 
cr = o (6) 
and the pressure is given by 
P = -(cr+cr)/3 ( 7) 
This gives a loading path slope, o/p, of -3/2. By running such tests 
in varying fluid pressure environments, one can determine data points 
lying between lines emanating from the origin and having slopes of 
-3 and -3/2. This, however., does not complete the picture. For 
data points lying between the negative pressure axis and a line of 
-3/2 slope which intersects the pressure axis at the origin, some 
sort of a tri-axial tension test must be used. The existing tests, 
whic~ generate a stress state in which all principal stresses are 
tensile, are of little value because the exact nature of the stress 
distributions is not accurately known. Such is the case in a tensile 
test of a circumferentially notched specimen. Since a good tri-axial 
tension test j_s not available, the behavior of a material at high 
tensile pressures is left almost totally to conjecture. 
28 
Finally~ the results of the previous plots have been embodied 
L'1. Figure (14) which is a three dimensional yield and :fracture model 
based on the parameters of effective stress~ effective strain~ and 
pressure. Figure (15) ~ a yield and :fracture model for brass 
developed from Hu's data13 by Davis14 ~ is included to illustrate 
29 
a model constructed :for a typically ductile, isotropic material. 'Ihe · 
purpose of these models is to show~ :for a virgin material, what 
yield and fracture phenomena will be experienced as any particular 
loading path is transversed. A loading path is essentially traced-
out by a point moving on the model surfaces. When the loading path 
hits a yield line~ · the material yields~ and when the loading path hits 
a :fracture line, :fracture occurs . 
In Figure (14) ~ the line runnjpg_ ~om the origin to point (A) 
on the work hardening shear :fracture line represents the intersection 
of the zero pressure plane and the elastic and plastic surfaces. 
This line delineates the portions of the elastic and plastic surfaces 
which lie in the tensile and canpressi ve pressure regions; beyond 
this~ it is of no physical significance. The portion of the model 
that exists in the region of tensile pressure is purely speculative 
since only one loading path was investigated in this area. As in 
the previous two plots, the yield and work hardening shear fracture 
lines have been extended~ linearly, into the tensile pressure area. 
Point (B) marks the point on the :fracture edge below which intrinsic 
brittle f'racture can occur without previous yielding. Observation 
of the effective stress versus effective strain plots made for the 
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plast.ic surface does not significantly change in the compressive 
pressure region. 
In addition to the tests described previously which are needed 
32 
to define the tensile pressure section of the model~ compression_ 
tests must be run at higher fluid pressure environments to determine 
what trends~ if' any~ are shown in the ·direction of infinite ductility. 
For the test runs conducted in compression, no changes were noted 
in the fracture mode. The broken specimens are shown in Figure ( 16) • 
T.ney are oriented in the figure from left to right in order of 
increasing fluid environment pressure! Although the picture does 
not so indicate~ the fracture surfaces were similar in appearance 
on all specimens. 
In conclusion, one can say that the postulated model provides 
a good illustration of the properties which extruded AZ31B-F magnesium 
alloy exhibits under compressive pressures. 'Ihe m~el describing 
material properties under tensile pressures, although crude, may 
well give a reasonably accurate description under such stress states. 
33 
34 
TENSION TEST DATA 




0 0 0 
1~000 . 125 333 
2,000 300 531 
3,000 450 711 
4,000 625 900 
5,000 800 1080 
6 _. 000 950 1260 
7,000 1150 1449 
8,000 1275 1647 
9~000 1500 1859 
10,000 1725 2079 
11,000 1950 2340 
12,000 2250 2682 
13_,000 2700 3164 
14_,000 3225 3663 
15_,000 3650 -- 4140 
16_,000 4000 4306 
17,000 4250 4590 
18_,000 4650 4860 
19_,000 5000 5161 
20,000 5300 5715 
21_,000 5750 5895 
22,000 6500 6534 
23_,000 7400 7380 
24,000 8700 8550 
25_,000 10750 10332 
26_,000 13400 12667 
27,000 16750 15660 
28_,000 24500 22473 
28_,500 28000 25560 
29_,000 32750 29745 


































3 3 .. 000 
34_,000· 
35 _. 000 
36,000 
37 .. 000 
38_,000 
39 .. 500 

































































































COMPRESSION TEST DATA 







































































































COMPRESSION TEST DATA 


































































































COMPRESSION TEST DATA 





























































































COMPRESSION TEST DATA 
LOAD 































































































COMPR.ESSION TEST DATA 
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